Two photon microscopy is a powerful tool for cells or tissues imaging. However it presents the drawback of being a laser-scanning technique leading to long acquisition time for fluorescence lifetime imaging. Thus it is commonly limited to intensity images that only give indications on location of fluorophores but hardly reports physico-chemical properties and interactions between cells components. To preserve biological samples from too long experiments and provide a more complete spectroscopic tool we developed a time-resolved multifocal multiphoton microscope. This setup allows us to speed up the acquisition while keeping the possibility to measure both intensity and lifetime images for all multifocal points.
INTRODUCTION
Two photon microscopy brings several advantages compared with confocal laser scanning microscopy : the nonlinear excitation leads to an inherent three dimensional imaging without the need of a confocal pinhole, photobleaching and photodammages are highly reduced and confined to the focal volume, near infrared lasers typically employed have higher penetration depth in tissue as scattering and absorption are reduced compared to visible light. One of the main drawback of the conventional two-photon microscope is the imaging collection rate. As it is a laser scanning technique where images are acquired point-by-point, it becomes rapidly timeconsuming to perform a fluorescence lifetime measurement on the whole sample. Of course the acquisition time strongly depends on both the fluorescent quantum yield of fluorophores and the signal to noise ratio needed to analyze the decay data. For example in our actual system, for an image of 50 x 50 µm using a stepwidth of 1 µm and an acquisition time ranging between 1 and 30 s per point, it takes between 41 mn and 21h to obtain the FLIM map. Acquisition of fluorophore's lifetime is then usually done for few interesting sample's points. Several ways have been study to speed up the acquisition time like increasing the fluorophore concentration or the excitation beam intensity, but most of them can hardly be implement on biological studies.
TIME-RESOLVED MULTIFOCAL MULTIPHOTON MICROSCOPY (MMM)
The most suitable way to increase imaging speed of biological system is to illuminate several points of the sample simultaneously. The acquisition time is thus reduced by at least the number of the excitation beams used. The principle of 'multifocal multiphoton microscopy'(MMM) has been demonstrated by several groups. Two approaches have been developed to generate multifocal points: a disk of microlens 1 or a beamsplitter.
2, 3 The second approach presents several advantages as described later.
MMM requires an important changes for the detection compared to the single-beam approach, photomultiplier can't be used anymore as we need a detector capable of detecting the fluorescence signals emitting by all foci. Typically CCD camera with high sensitivity are used. Time-resolved measurement can be obtained for all the foci by integrating in front of the CCD camera an ultrafast optical gated intensifier. We've demonstrated that our MMM system based on a home made beamsplitter slightly derived from the work of Nielsen et al. 2 permits a dynamic measurement of the fluorescence with a resolution of typically 25 ps. Our setup allows us to measure simultaneously the intensity and the lifetime of each excited point which hasn't been demonstrated with this approach so far. 
BEAMSPLITTER : PRINCIPLES AND PROPERTIES

Figure 1. Beamsplitter principle
As presented on figure 1, our multifocal beamsplitter is composed of four high reflectivity mirrors and a 50% beamsplitter (suprasil,60x40x2 mm 3 , P polarization). The initial beam is first separated in two beams by the 50 % beamsplitter. The two beams are reflected back respectively by M1 and M2 on the beamsplitter which leads to four beams. The reflection of the four beams on the beamsplitter doubles the number of beams. We then obtain eight beams in the same plane separated by a distance imposed by the location of M1,M2,M3 and M4 with respect to the beamsplitter. In these conditions we can easily modulate the distance between the beams which is not allowed in a commercial system. As we can see on the photo of the multifocal beamsplitter is presented on figure 2 , the system is quiet compact (40 cm x 25 cm) and can be easily inserted in the set-up.
The overall transmission of the beamsplitter was 90 % which is much higher than for the microlens approach to generate multiple beams. By measuring each beam intensity, we observed a maximum deviation of 18% compared to the mean value. This non-uniformity is mainly due to small differences between the mirrors reflectivities, and to the transmission of the 50-50% beamsplitter which is not exactly 0.5 but depends on the laser wavelength .
By placing on the microscope a mirror instead of a sample and dramatically attenuating the laser intensity we have been able to image the 8 excitations beams in the focal plan. This measure allows us to determine the distance between the beams. Figure 3 represents a 3D image of the 8 beams separated here by 4 µm (the larger distance between beam 4 and 5 could be corrected by tilting the whole system in respect to the input beam laser). The interfocal beam distance is typically ranging between 3 to 6 µm. From figure 3 , we can deduced from this measurement the FWHM of our foci which is around 1µm. 1, 4 have reported that crosstalks between the excitation beams can be a major issue in MMM depending on the distance between the foci. When the foci come to close together, the out-offocus tails of neighboring foci starts generating significant amount of two-photon induced fluorescence. The conception of the beamsplitter induces an intrinsic delay of several picoseconds between the beams due to difference in the optical paths length, thus no crosstalks exists even if the beams are very close spatially in contrary to the classic microlens approach. To overcome this problem, Egner et al. 5 have recently proposed a modified microlens disk design at the cost of a higher complexity. Another advantage compared to the microlens approach where each lens can induce different abberation, all the beams generated by the beamsplitter has the same beam profile as the initial laser beam.
Several groups
To generate 8 foci in the focal plane, the beams must enter the objective with slightly different angles. We then tilt M2,M3,M4 in order to make the 8 beams converge in one point. This point is located in the focal plane of the first lens of a telescope (f1=100 mm f2= 400 mm). This telescope is used firstly to increase all the beams diameter in order to cover the back-aperture of the objective and then have 8 diffraction limited excitation spots, and secondly to increase all the angles values between the foci.
EXPERIMENTAL SETUP
0ur two photon system is based on an home made inverted microscope as depicted on figure 4. By using two flip-flap mirrors we recently added the possibility to study the sample either with a wide field one photon excitation (OPE) or with a multifocal two photon excitation (MTPE). The laser beam delivered by a Ti: Sapphire laser (Mira from Coherent, 800 mW, 76 MHz, 100 fs) is either frequency doubled with a BBO or divided into a line of 8 beams by the beamsplitter described before. XY scanning mirrors allows us to move the eight beams on the sample to reconstruct a whole image. The objective is an immersion oil Zeiss Planeofluar (x63 NA 1.4), to cover its aperture and so keep the diffraction limited spot for all beams we use a x4 telescope. The beams arrive with slightly different angles on the objective aperture in order to be imaged at the focal plane with a stepwidth ranging typically between 3 to 6µm. The fluorescence emitted from each excited point is collected back by the same objective. Each fluorescent point is imaged, via the dichroic mirror and follow by a filter to block the excitation light onto the high rate imager (HRI Kentech Instruments Ltd), which is capable of sampling the fluorescence at a repetition rate of up to 76 MHz with a minimum gate time of 200 ps. The HRI is readout by a 12-bit CCD camera (Hamamatsu, model Orca ER) that is optically coupled to the intensifier using two standard camera lenses objectives. Depending on the needed field of view we use either 50 mm and 25 mm or two 50 mm lens objectives. The CCD camera is used in binning mode (2x2 pixels with 1 pixel 6.45 x 6.45 µm) which allows us to speed up the readout time ( 16.4 frame/s) without compromising the spatial resolution.
FLIM MEASUREMENT
In time-domain, fluorescence lifetime can be measured by sampling the fluorescence emitted following an excitation pulse(cf fig.5 ). Whole field FLIM measurement with one photon excitation has been successfully obtained by the means of high rate imager coupled to CCD camera, and exhibits resolution down to 10 ps at 10 kHz. 6 This detection approach has been successfully applied to our MMM setup where spatial and temporal resolution of the emitted fluorescence is needed for the 8 points. A whole series of time-gated intensity images is then acquired by triggering the HRI at different delays after the excitation pulse. Time-gated series are acquired starting with the dimmest (longest delay time) first and then moving to shorter delays(brightest) to minimize the influence of the image persistence on the HRI phosphor screen (P43, persistence time 300 ms) which could lead to erroneously bright images. Typically, a set of images at 7-10 delay times is acquired. Depending on the fluorophore efficiency, each time-gated image is an averaging over 10 to 30 images. Using the maximum likehood estimator or the Levenberg-Marquardt non-linear least squares fitting algorithm, each pixel in the image set is then fitted to an monoexponential decay. The calculated lifetimes are displayed as a lifetime map with a false color scale. The maximum lifetime that may be measured is limited by the repetition rate of the laser system(76 MHz), as we approximatively need a minimun of three time the lifetime to perform a correct measurement we will be limited to fluorophore exhibiting a lifetime no longer than 4.3 ns. For longer fluorescence lifeitme we have the possibility to reduce the repetition rate of our laser by using a pulse picker. The acquisition time needed to obtain a MTPE FLIM image, is not only decreased by the number of excitation points but also through this specific detection scheme. By sampling the fluorescence at different delays rather than applying a photons counting approach, the acquisition time is also strongly reduce by this mean, and so mainly depends on the number of time-gated intensity images needed to analyze properly the fluorescence decay.
FLUORESCENCE IMAGING
We tested the efficiency of our time-resolved multifocal multiphoton microscope on several common fluorophores with well-known lifetimes. homogeneous solution of fluorescein in water. We can see the small differences of fluorescence intensity due to small power difference between excitation points as discussed previously. The fluorescent beam spot are slightly larger than the excitation spot (1 µm) typically here 1.5 µm . The larger fluorescent spot size depends of course on the scattering properties of the sample which might lead to crosstalks at the detection.
The fluorescence lifetime measurement of the fluorescein solution as been obtained by averaging each time gated image over 10 acquisitions, and then sampling the fluorescence decay at seven different delay time. As the lifetime doesn't depend on the initial intensity but is a relative measurement, the corresponding FLIM map (cf. fig. 7 ) exhibits a good homogeneity of the lifetime between the spots. The calculated lifetime value was 4 ns which is in good agrement with values from literature and measurements done on a Time Correlated Single Photon Counting (TCSPC) system presents in our lab.
RECONSTRUCTION OF INTENSITY AND LIFETIME MAP
To reconstruct the fluorescence intensity and FLIM image of a cell or a tissue we then need an uniform and simultaneous scanning of the 8 beams in the focal plane of the sample. We are currently optimizing the implementation of scanning mirrors. They're located at the focus points of the eight beams, nearly 30 cm from the exit of the beamsplitter. We are currently investigating different ways for the synchronization of the acquisition and the scanning of the sample. We'll have to do a trade off between acquisition speed and signal to noise ratio. The very first intensity images have been obtained by the simplest approach : the acquisition time have been chosen to match the scanning time over the sample. It gives us very quickly and simply a whole image of the sample but it's definitively not a good approach in terms of signal to noise ratio : if we scan the sample by moving the 8 beams along 20 columns and 4 lines for examples, the fluorescence coming from each position will be divided by 80 in the final image. We first verify than the multifocal two photon excitation offers the same axial resolution than classic fig.8 . The first row represent the image obtained under one photon excitation(OPE), the second one under multifocal two photon excitation(MTPE). In the first row we clearly an important out-of-focus signal from the bigger fluospheres in the case of OPE, which is completely removed with the MTPE. The two 4 µm beads are in focus in the second plane, they have nearly completely disappeared in the third plane as expected. The larger fluosphere is in focus in the last plane as depicted in the last row for the MTPE. We can clearly see than MTPE offers as expected a much higher sectioning than OPE.
For a different area containing six 4µm fluospheres, we obtained intensity and lifetime measurement under OPE ( fig. 9 and 11) and MTPE ( fig. 10 and 12) . These preliminary results clearly shows that we have to carefully calibrate the displacement of the scanning mirrors to avoid over-exposed area due to non-optimal scanning steps. Despite of non-uniformity in the intensity image (cf. fig. 10 ), figure 12 exhibits a good uniformity as fluorescence lifetime measurement is a relative measurement. The lifetime range is similar under OPE and MTPE, with a mean value of 3.5 ns. Under MTPE, the acquisition time for intensity images ( 50 x 60 µm 2 ) is 6 s, the 8 beams excited the sample during 1 ms before being quickly move to the next position. To compute the fluorescence lifetime map, we took 10 intensity images at different delays after the excitation pulse. So the whole lifetime map was obtained in 60 s. If we compare with the conventional single-point two photon microscope presents in our lab, intensity images for the same area is obtained in 30 s, but the major improvement is for the lifetime acquisition time. It was previously ranging between 1 s and 30 s for each point, so for a whole lifetime map it was at least 50 mn, and for low fluorophore no less than 25 hours !!. So our time-resolved multifocal approach is definitively a huge improvement for lifetime acquisition.
FLIM OF CELLS
One of the main goal of the MMM system is to improve cells measurements through both intensity and lifetime imaging. In the following figures we present the results obtained on an urothelial cell, studied under one photon and multifocal two photon excitation. On figure 17, the classic white light transmission image of the cell is presented. Fig. 13 and fig. 14 correspond respectively to the fluorescence intensity image obtained under wide field one photon excitation and multifocal two photon excitation. We are using the previous acquisition time parameters for MTPE: 1 ms excitation time leading to one intensity image in 6s. We clearly see that the MTPE efficienly removed the fluorescent background surrounding the cell which may strongly disturb the fluorescence cell analysis. Indeed the presence of the background implies to strongly threshold one photon images to obtain a lifetime map corresponding to the cell mainly (cf. fig 15) . The mean value for the lifetime under OPE is around 3.3 ns. Under MTPE the lifetime map is slightly more homogenous, the mean lifetime is 2.6 ns (cf. fig 16) which is lower than for OPE and certainly due to the efficient removal of the perturbing background. To compute the whole lifetime map of the cell under MTPE 10 intensity images have been recorded, leading to an acquisition time of only 60 s . Fig 18 represents a typical fluorescence decay for one pixel under MTPE, even if our acquisition method is not the best in terms of SNR, we can see a fairly good agreement between the data set and the monoexponential fit.
CONCLUSION AND OUTLOOKS
We've demonstrated the advantages of our home made time resolved multifocal multiphoton microscope which delivers in a considerably reduced acquisition time both intensity and lifetime images without compromising the axial resolution or inducing crosstalks. First MTPE lifetime image on cells clearly demonstrated the pertinence of this approach, which could definitively be applied to a large number of biological applications. Further studies of different biological samples will continue to guide us for the optimization of the current set-up and its future development, regarding the number of excited point needed or the best way to reconstruct the images with the scanning mirrors.
